We investigated foliar phenolic composition of field-and greenhouse-grown Populus trichocarpa Torr. & A. Gray (black cottonwood) ramets subjected to near zero (0×), ambient (1×) or twice ambient (2×) concentrations of biologically effective ultraviolet-B (UV-B) radiation. After a 3-month treatment period, several age classes of foliage samples were harvested and the phenolic compounds extracted, separated by high performance liquid chromatography and identified and quantified by diode-array spectrometry and mass spectrometry. Foliar phenolic concentration was greater in 1×-and 2×-treated tissue than in 0×-treated tissue. Phenolic compounds that increased in response to UV-B radiation were predominantly flavonoids, primarily quercetin and kaempferol glycosides. Enhancement of UV-B radiation from 1× to 2× ambient concentration did not result in further flavonoid accumulation in either greenhouse or field ramets; however, a non-flavonoid phenolic glycoside, salicortin, increased in response to an increase in UV-B radiation from 1× to 2× ambient concentration. Increased salicortin concentrations accounted for at least 30-40% of the total (5%) increase in UV-absorption potential of 2×-treated tissue. Because salicortin and other salicylates are important in plant-herbivore-predator relationships, these increases are discussed in the context of collateral feeding studies. We conclude that enhanced solar UV-B radiation may significantly alter trophic structure in some ecosystems by stimulating specific phenolic compounds.
Introduction
Damaging ultraviolet-B (UV-B; 280-320 nm) radiation has intensified at the earth's surface in recent decades as a result of depletion of stratospheric ozone (McKenzie et al. 1999 , Ziemke et al. 2000 . Although the transport of ozone-depleting chlorofluorocarbons to the stratosphere is reported to have slowed (Elkins et al. 1993 , Anonymous 2000 , the size and duration of annual arctic and antarctic polar vortexes continues to increase (Zhou et al. 2000) . Arctic ozone concentrations in 2000 were the lowest observed since the mid-1990s (Aldhous 2000) . The global ozone layer also continues to deteriorate (Anonymous 2000) and the deterioration is predicted to cause increases in ground-level UV-B radiation of up to 27% per decade over mid-latitudes of the Northern Hemisphere (Zerefos et al. 1997) . Thus, there are many indications that enhanced UV-B radiation may be a significant anthropogenic factor for plants and animals well into the future (Shindell et al. 1998 , Hartmann et al. 2000 , Keiller and Holmes 2001 .
Highly energetic UV-B radiation is strongly absorbed by macromolecules, especially nucleic acids and proteins (Caldwell 1981) , and has the potential to affect many plant processes (Lumsden 1997) . The most commonly reported response to enhanced UV-B radiation is increased production of leaf epidermal phenolics, which are UV-absorbing compounds that protect underlying mesophyll tissues (reviewed by Meijkamp et al. (1999) and Searles et al. (2001) ). Studies of enhanced UV-B effects on tree and other perennial species are limited compared with crop and annual plants. However, UV-B exclusion studies have demonstrated that even ambient UV radiation stimulates production of UV-absorbing compounds in some tree species (Veit et al. 1996 , Lavola et al. 1997 , Schnitzler et al. 1997 , Schumaker et al. 1997 , Lavola 1998 , Liakoura et al. 1999 , Robakowski and Laitat 1999 , Warren et al. 2002a ). Enhancement of UV-B radiation above ambient concentrations leads to further accumulation of phenolics in some tree species (Sullivan and Teramura 1994 , Warren et al. 2002a , 2002b , Bassman et al. 2003 , but not in others (Sullivan et al. 1996 , Newsham et al. 1999 , Robakowski and Laitat 1999 , Bassman et al. 2001 .
In most UV-B studies, foliar UV-absorbing compounds have been quantified by absorbance of crude methanol extracts at 300 nm (Meijkamp et al. 1999) . However, the use of crude methanol extracts may underestimate the effects of UV-B radiation on foliar UV-absorption potential, because wall-bound phenolics, which may be enhanced by UV-B radiation, are more or less resistant to extraction in methanol, as shown in Pinus taeda L. (Laakso et al. 2000) . The role of flavonoids in protecting plants from UV-B radiation has been demonstrated in studies with flavonoid-deficient mutants (Li et al. 1993 ). Ultraviolet-B radiation induces production of several key enzymes of the phenolpropanoid pathway (Wellmann 1975 , Liu and McClure 1995 , Reuber et al. 1996 , leading to increased production of flavonoids. However, a variety of other phenolics can be derived from the same hydroxycinnamate precursors.
There have been few attempts to identify specific flavonoids or other phenolics produced in response to enhanced UV-B radiation, especially for tree species other than Pinus sylvestris L. (Jungblut et al. 1995) , Betula pendula Roth (Lavola 1998) , Pinus ponderosa Dougl. ex P. Laws. & C. Laws., Quercus rubra L., and Pseudotsuga menziesii var. glauca (Beissn.) Franco (Warren et al. 2002b) . Relative absorbance of different phenolics varies widely (Waterman and Mole 1994, Meijkamp et al. 1999) , with compound-specific absorption profiles changing over the range of damaging UV-B radiation (Jungblut et al. 1995 , Sheahan 1996 .
In addition to sunscreen attributes, phenolics have roles in herbivory (e.g., Edwards 1978 , Kelly and Curry 1991 , Roth et al. 1997 ) and affect decomposition (e.g., Harborne 1997, Driebe and Whitham 2000) . Many woody trees and shrubs are important food sources for herbivores in north temperate and boreal biomes that will likely experience increased UV-B radiation (Bryant et al. 1983 , Palo 1984 , Ziemke et al. 2000 . Consequently, stimulation of phenolic production to mitigate damage by UV-B radiation could have important implications for higher trophic levels. Warren et al. (2002a) showed that enhanced UV-B radiation caused a 5% increase in crude methanol-extractable UV-B absorbing compounds in Populus trichocarpa Torr. & A. Gray (black cottonwood). The increase in UV-absorbing compounds was accompanied by increased preference for leaf tissue by the cottonwood beetle (Chrysomela scripta Fab.), but reduced growth performance by larvae (Warren et al. 2002a) . We suspected that a portion of the increased phenolic production could be attributed to salicylates. Phenolics of P. trichocarpa have been characterized, and include significant foliar concentrations of salicylate phenolic glycosides, primarily salireposid, trichocarpin, salicin, salicortin and tremulacin (Pearl and Darling 1971, Thieme and Benecke 1971) . Salicylates (containing salicin) are feeding stimulants for specialist insects (Smiley et al. 1985 , Kolehmainen et al. 1995 ) that convert sequestered salicylates into salicylaldehyde for chemical defense against predators (Denno et al. 1990, Rowell-Rahier and ). To our knowledge, however, there is no evidence that these phenolics are affected by enhanced UV-B radiation.
This study was undertaken to characterize the phenolic profile in leaves of P. trichocarpa subjected to enhanced UV-B radiation. We determined which classes of phenolics were affected by enhanced UV-B radiation, and the contribution of those phenolics to UV-B absorption. In addition, we investigated whether salicylates could account for some of the production of phenolics in response to enhanced UV-B radiation and thus explain the feeding behavior of C. scripta.
Materials and methods

Plant materials and growth conditions
This analysis was part of a larger study that was conducted in a greenhouse and in a field at Pullman, WA, USA (46°44′ N, 117°10′ W, elevation 777 m) from July though September in the summers of 1999 (greenhouse study) and 2000 (field study). The study and treatment conditions are described in detail by Warren et al. (2002a) . Dormant hardwood cuttings from a single clone of P. trichocarpa were rehydrated in water, planted in standard nursery potting medium and placed in a UV-B radiation treatment (see below). Plants were watered, fertilized and rotated within plots regularly. High-pressure, high-intensity sodium discharge lamps (1000 W) extended the photoperiod in the greenhouse to 16 h. Maximum daytime temperatures during the study were similar in both trials (23-25°C), but nighttime temperatures were lower outside (7°C) than inside (16°C). Mean daily relative humidity in the field (24% minimum, 60% maximum) was 5-20% lower than in the greenhouse.
Ultraviolet-B radiation treatments
Plants in the greenhouse were exposed to three UV-B radiation regimes using a square-wave lamp system: near zero (0×), ambient (1×) or twice-ambient (2×) biologically effective UV-B radiation (UV-B BE ; 280-320 nm; calculated with the generalized plant action spectrum described by Caldwell (1971) ). Ambient UV-B BE radiation was calculated with the model of Green et al. (1980) , modified by Björn and Murphy (1985) . Treatments were supplied over a 10-h period centered at solar noon using Q-Panel UV-B-313 fluorescent lamps (Q-Panel, Cleveland, OH) filtered with polyester film (transmission ≥ 320 nm; 0×) or cellulose diacetate film (transmission ≥ 292 nm; 1×, 2×). Actual UV-B BE irradiance for each treatment averaged over a week was 0.12 (0×), 6.06 (1×) and 12.17 (2×) kJ m -2 day -1 . Mean midday spectral ratios (mean sum of the spectral energy (W m -2 nm -1 ) of each waveband measured at solar noon three times in the week as filters degraded) of UV-B BE :UV-A:PAR in direct sun for each treatment were 0.01:51:917 (0×), 1:111:1815 (1×) and 1:55:904 (2×).
In the field study, ambient UV-B BE radiation (1×) and twice-ambient (2×) UV-B BE radiation were supplied using a modulated, constant addition system (Ashurst Designs, Logan, UT), similar to that described by Caldwell et al. (1983) . Measured UV-B BE treatments on the summer solstice were 5.94 kJ m -2 (1×) and 11.72 kJ m -2 (2×). Mean daily spectral ratios of UV-B BE :UV-A:PAR measured on the solstice were 1:288:2437 (1×) and 1:146:1235 (2×). The lamp system and experimental setup are described in detail by Warren et al. (2002a) .
Biochemical analysis
Lyophilized, ground plant tissue (0.5 g) was extracted with acidified methanol, cleaned with diethyl ether, then solventpartitioned with ethyl acetate into an aqueous phase (H 2 O) and an acetate phase (EA), as described previously (Warren et al. 2002b ). The acetate was removed under vacuum and the phenolics were dissolved in 2 ml of methanol (MeOH) and stored below 0°C until analyzed. Aqueous fractions were reduced to 10 ml and stored below 0°C until analyzed. Flavonoid (EA; 10 µl) and aqueous (H 2 O; 20 µl; field samples only) extracts were injected onto an HPLC system (Varian, Walnut Creek, CA) equipped with a 5 µm C18 column (250 × 4.6 mm with detection at 254 nm). The mobile phase consisted of a solvent gradient of 80:10:10 (H 2 O:0.5% H 3 PO 4 :MeOH) that was increased linearly to 20:10:70 over 40 min, maintained at 20:10:70 for 5 min, cleaned with 100% MeOH for 13 min, and then re-equilibrated at 80:10:10 for 2 min, all at a flow rate of 1.0 ml min -1 . Typical HPLC profiles for flavonoid and aqueous fractions are shown in Figure 1 .
Quantification of phenolic compounds eluted from the HPLC was based on absorbance at 254 nm and comparison with standard flavonoids and salicylates. Standards used included flavonoids (kaempferol, quercetin, rutin-trihydrate) and salicylates (tremulacin, salicortin, salicin) from commercial sources (Indofine Chemical Company, Belle Mead, NJ; Sigma-Aldrich, St. Louis, MO) and from R.L. Lindroth (Dept. Entomology, Univ. Wisconsin, Madison; salicortin, tremulacin).
For a subset of the EA field samples, we performed a further analysis of the individual compounds separated by HPLC. Acetate peaks of interest were collected from the HPLC and UV-VIS diode-array spectra (200-1100 nm, Hewlett-Packard HP 8453 UV/VIS diode array) were obtained for six replicates of each fraction. Some fractions were dried down for preliminary analysis by matrix-assisted laser desorption ionization (MALDI) time-of-flight (TOF) mass spectrometry (MS). This type of MS uses a matrix (i.e., 2,5-dihydroxybenzoic acid (DHB)) to reduce laser intensity so that the sample is softly ionized prior to its acceleration and movement through the TOF MS system. The preliminary analysis allowed rapid and easy identification of protonated (M+H) + and sodiated (M+Na) + flavonoid base aglycones such as quercetin or kaempferol. Further resolution of specific glycosides has not yet been undertaken. Sample fractions collected from the HPLC and standards were dissolved in either acetone (flavonoids), MeOH:chloroform or H 2 O:acetonitrile (salicylates), mixed with acetone-saturated DHB, spotted on the sample plate and applied to the MS system. The MALDI-TOF MS system is described by Asbury et al. (1999) .
Ultraviolet-B BE absorption potential
Because most incoming solar radiation is absorbed by the atmosphere, wavelengths reaching the Earth's surface are generally > 290 nm. Therefore, it is of interest to determine which compounds could protect plant tissues from radiation in the damaging ambient UV-B range (290-320 nm). To determine compound-specific absorbancies, eluted HPLC fractions of a subset of the EA samples were collected (1-40 min at 1-min intervals, n = 6) and their UV-B absorbance (290-320 nm at 1-nm resolution) was quantified by diode-array spectrometry. From these data, quadratic curves (r 2 > 0.95; SigmaPlot, SPSS, Chicago, IL) were fit to each fraction's spectrum to relate compound absorbance to wavelength. Based on these curves and on the relationship between the diode array and HPLC detectors, absorbance values for each HPLC-eluted compound (by wavelength) were generated for each of the 24 samples. These data were weighted based on the generalized plant action spectrum described by Caldwell (1971) and integrated across wavelengths (290-320 nm) to generate biologically effective UV-B absorption potentials for each separated compound. This generalized plant action spectrum predicts increased plant response to shorter wavelengths, with little response to wavelengths greater than 313 nm (Flint and Caldwell 1996) . Some samples were weighted also by the ambient (solar + lamp) energy (by wavelength) that existed beneath the 1× or 2× UV-B treatment racks on the summer solstice.
Study design and statistical analysis
The greenhouse study was a randomized complete block design consisting of three blocks of three treatments, with four to six cuttings per plot. The field study was a randomized complete block design consisting of three blocks of two treatments, with 14 to 15 cuttings per plot. Each plot was located under a UV-irradiation lamp frame. Leaf samples were pooled by age class within each plot into one (greenhouse) or two (field) composite samples per plot. Plants were grown in the treatments for three months before sampling.
Leaves were selected based on leaf plastochron index (LPI) with an index leaf length of 4 cm (Larson and Isebrands 1971) . Age classes of leaves collected in the greenhouse were LPI < 3 TREE PHYSIOLOGY ONLINE at http://heronpublishing.com (recently initiated), LPI = 4 and LPI 6-8 (young and expanding). Age-classes collected in the field were LPI = 4 (young) and LPI = 13 (recently mature). Harvested foliage was frozen immediately in liquid nitrogen, lyophilized, ground and stored at -40 °C until biochemical analysis. One-way analysis of variance (ANOVA) was performed on each separated compound to test for significant treatment effects. Significant differences in the greenhouse study were compared by Duncan's multiple range test. Treatment differences across LPI and between trials were analyzed by ANOVA. Because there were differences in the resolution of HPLC separation between trials, related compounds co-eluted in one trial but separated in another. Thus they had to be pooled before testing for differences between the field and greenhouse trials. The HPLC elution times for identical compounds have been averaged across trials. Differences were considered significant at P ≤ 0.05.
Results
Both the 1× and 2× ambient UV-B radiation treatments caused increased accumulations of phenolics in P. trichocarpa leaves compared with phenolic concentrations in leaves of 0×-treated plants (Figure 2 ). The concentrations of compounds eluting at 27.8 and 28.9 min increased more than 50% when analyzed across all LPIs. Within an LPI, however, differences were significant only for the youngest tissue, LPI < 3. These compounds have elution times and UV spectra similar to flavonoids, with an aglycone mass (302) characteristic of quercetin (Table 1) . Enhancement of UV-B radiation from 1× to 2× ambient concentration did not result in further flavonoid stimulation in the greenhouse study. In the field, however, enhanced UV-B radiation produced significant effects on several phenolic compounds (Figure 3 ). Compounds 1 (19.5 min) and 4 (28.6 min) increased, whereas one compound (25.1 min) decreased in response to enhanced UV-B radiation. The phenolic compounds stimulated by UV-B radiation reached higher concentrations (LPI = 4) in field-grown plants than in greenhouse-grown plants. In both studies, total foliar phenolic concentrations (expressed on a leaf area basis) declined as leaves expanded and matured (Figures 2 and 3) .
Based on elution time and diode array spectrum, Phenolic 1 was identified as salicortin (Table 1, Figure 4 ). Mass spectrometry confirmed the presence of salicin (eluting at 7 min) and salicortin in the aqueous fraction (Table 1 ; (M + Na) + = m/z 309, 447). Other fragment ions (m/z 107) were seen for salicin, salicortin and Phenolic 1 (Table 1) and likely represent an ionized C 7 H 7 O + benzene fragment from salicin. Salicortin concentrations increased substantially in mature foliage in response to enhanced UV-B radiation, whereas salicin concentrations decreased (Figure 4) . There was also a significant increase in an unidentified compound eluting at 18 min (λ max = 255; Figure 4 ). Aqueous compounds eluting at 20 and 22 min had similar UV-VIS spectra (λ max = 266), and were unaffected by the UV-B radiation treatment. There was a shift in elution time between the H 2 O and EA fractions so that aqueous salicin (Table 1) . This was similar to the previously published fragmentation of ionized rutin, (M -146 + H) + = m/z 465, (-162) = m/z 303, which loses rhamnose (m/z 146) and then rutinoside (m/z 162) residues, resulting in a quercetin aglycone (Wang and Sporns 2000) .
More than 60% of the UV-B BE absorption of the foliar EA fraction can be attributed to flavonoid glycosides eluting from the HPLC column at 26-32 min (Figures 5a and 5b, Table 1 ). Quercetin-related compounds eluted between 26 and 29 min, whereas kaempferol-related compounds eluted between 30 and 32 min. The UV-B BE radiation absorption potential of these flavonoid fractions was unaffected by enhanced UV-B radiation in either young or mature foliage (Figures 5a and  5b) . Two compounds (25-26 min, 33-34 min) displayed reduced UV-B BE absorption potential in response to enhanced UV-B radiation. The only compound that showed significantly higher UV-B BE absorption potential in response to enhanced UV-B radiation was salicortin (Phenolic 1, Figures 5a and 5b) . The increased UV-B BE absorption potential ranged from 35% (LPI = 13, P < 0.05) to 45% (LPI = 4, P = 0.07) that of 1×-treated tissue, increasing the absorption potential of the total EA fraction by 0.6 (LPI = 4) to 0.9% (LPI = 13) ( Figure 5 ). There was a shift in the relative rankings of the UV-B absorbing compounds when the potential UV-B absorption was weighted by the actual solar energy of each treatment (Figure 5c ). Phenolic 5, a kaempferol-related compound (30-31 min), became less important, whereas Phenolic 2, a quercetin-related compound (26-27 min), became more important (Figures 5b and 5c ). In addition, the ranking of flavonoids was reduced for solar-weighted UV-B BE absorption potential in the enhanced UV-B radiation treatments. The rankings of two flavonoid compounds declined significantly with enhanced UV-B radiation, whereas the ranking of salicortin (19-20 min) and two unknown phenolics (34-35, 38-39 min) increased (Figure 5c ).
Flavonoids absorb more UV-radiation than salicylates at similar concentrations (Figures 6a and 6c) . Salicin (Figure 6c ) contributes little to UV-B protection, because it absorbs weakly between 290 and 320 nm, the ambient range of terrestrial UV-B radiation. The salicin-containing compounds salicortin and tremulacin, however, absorb UV-B radiation strongly, especially the shorter wavelengths (Figure 6c ).
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Discussion
Altered secondary chemistry may be the main response to changing UV-B radiation in plants, with impacts at multiple levels of biological integration (Caldwell et al. 1989 ). Secondary metabolites absorb UV wavelengths strongly and are important sunscreen molecules. They are also important antiherbivore compounds (Bernays et al. 1989) . Herbivores that feed on plants with altered secondary chemistry may have altered nutritional value or palatability to their predators. Consequently, UV-B-induced changes in secondary metabolites can affect competitive interactions, nutrient cycling, carbon sequestration and other ecosystem-level processes (Caldwell et al. 1995 , Zepp et al. 1995 . Thus, acclimation to elevated UV-B radiation could involve ecologically important trade-offs that are more significant than the direct effects of UV-B radiation on growth and survival. In our study, growth and biomass characteristics were unaffected by enhanced UV-B radiation (Warren 2002) . A recent analysis of plant field studies found that effects of enhanced UV-B radiation were most prominent on UV-absorbing compounds, rather than growth processes, with phenolic concentrations increasing 10% on average over all studies (Searles et al. 2001) . We found that enhanced UV-B radiation affected phenolic compounds differentially in P. trichocarpa, and that flavonoids were not the phenolics primarily responsible for increased UV-absorbance.
Concentrations of flavonoid compounds increased when plants were exposed to UV-B radiation (Figure 2 ), but a doubling in UV-B radiation did not induce further increases in the concentrations of those compounds (Figures 2 and 3) . The flavonoids separated in this study (Phenolics 2-5, Table 1 ) were likely degraded quercetin or kaempferol di-or triglycosides. The hot acidic extraction that we used may have cleaved one or more of the carbohydrates, resulting in base aglycone and monoglycoside residues (Table 1) . Even so, these flavonoids were responsible for most of the protection from damaging UV-B radiation ( Figure 5 ).
Although flavonoids are important UV-B absorbing compounds in many species (Meijkamp et al. 1999, Harborne and Williams 2000) , non-flavonoid phenolics also play a role in UV-B absorption (e.g., Sheahan 1996) . We found that foliar salicortin concentration was increased by enhanced UV-B radiation ( Figures 3, 4 and 6b) . Salicortin was the only phenolic to exhibit a significant increase in biologically-effective UV-B absorption ( Figure 5b ) and was probably the predominant component of increased UV-absorbing compounds in our previous study (Warren et al. 2002a) . We speculate that this salicortin was derived partially from tremulacin, because salicylates readily hydrolyze from tremulacin to salicortin, tremuloidin, salicin and related compounds (Lindroth and Pajutee 1987) . Because salicortin degraded during HPLC, its UV , field-grown Populus trichocarpa foliage exposed to 1× or 2× ambient UV-B BE radiation for 3 months. Compounds were separated by reverse-phased C18 HPLC and collected at 1-min intervals. Ambient UV-B (290-320 nm) spectral absorption was quantified by diode-array spectrometry, and transformed by the generalized plant action spectra described by Caldwell (1971) , which considers shorter wavelengths more biologically active than longer wavelengths. In panel (c), data were further weighted by the actual UV-B solar energy that existed below the treatment racks at solar noon. Values represent the mean (± SE) of n = 6 composite samples of five trees. Bars with different letters are significantly different (P ≤ 0.05) based on ANOVA; bars without letters are not significantly different. spectrum was similar to that of salicin (Table 1, Figure 6c ), which absorbs little at wavelengths > 285 nm. Thus, probably the absorption potential ( Figure 5 ) of Phenolic 1 was underestimated. If Phenolic 1 is weighted with a non-HPLC-eluted, salicortin-type response curve (Figure 6c ), the 0.6-0.9% increase in the total UV-B absorption potential of Phenolic 1 in response to the 2× UV-B treatment ( Figure 5 ) is amplified 2.5× to 1.7% (LPI = 4) and 2.1% (LPI = 13) of the total foliar EA UV-B absorbance. Hence, the increase in foliar salicortin concentration in response to enhanced UV-B radiation accounts for at least 30% (LPI = 4) to 40% (LPI = 13) of the increase in foliar UV-B absorption. Salicortin and unidentified compounds extracted into the aqueous fraction (Figure 4 ) may further amplify the contribution of salicylates to UV-B radiation absorption. Other phenolic pools also may contribute to UV-B absorption, including wall-bound compounds that were resistant to our methanol extraction procedure. It is unknown whether these phenolics consist of salicylates, although higher salicylate concentrations than we found have been reported, ranging from more than 20% of dry mass to less than 10% of dry mass (Thieme and Benecke 1971, Lindroth et al. 1987) . In addition to their role as sunscreen compounds, phenolics play an important part in insect-plant interactions. The defense chemistry of Populus species is dominated by phenolics (Palo 1984) . However, some phenolics are feeding or oviposition stimulants for specialist insects (Matsuda and Matsuo 1985 , Harborne 1991 , Rank 1992 . Chrysomeline beetles specializing on Salix and Populus species prefer host plants with higher concentrations of simple phenolic glycosides (Matsuda and Matsuo 1985 , Rank 1992 , Martinson et al. 1998 . They use these compounds to produce defensive salicin-based secretions (Wallace and Blum 1969 , Hilker and Schulz 1994 that deter various species of predacious ants (Wallace and Blum 1969 , Denno et al. 1990 , Martinson et al. 1998 , rendering the beetles dependent on host plant salicin. Consequently, the increased salicortin concentrations that we found may explain the previously observed feeding preference of adult C. scripta for 2×-treated tissue and reductions in larval consumption efficiency (Warren et al. 2002a) . Because phenolics reduce tissue digestibility, larval growth is sacrificed for ant defense. Natural or artificial hybridization of Populus species affects phenolic composition, resulting in variation in decomposition rates and susceptibility to insect attack (Whitham et al. 1996, Driebe and Whitham 2000) . Therefore, species-specific effects of enhanced UV-B radiation on foliar salicylates could cause significant changes in the success of individual clones, eventually affecting species composition, ecosystem structure and co-evolution with specialist herbivores (Whitham et al. 1996) .
Our results confirm the need to examine fluxes of phenolic compounds in response to enhanced UV-B radiation. Increased UV-absorption potential may result from phenolics other than flavonoids, and these compounds may have important roles in plant-herbivore-predator relationships. We demonstrated that production of an important class of phenolics, the salicylates, is increased by enhanced UV-B radiation and that this stimulation is related to increased herbivory by C. scripta. Because salicylates are likely to affect activity of Chyrsomelid predators too, there is reason to expect that enhanced UV-B radiation has significant potential to induce multi-trophic effects in ecosystems dominated by Salicaceae species. Figure 3 . Each curve represents the mean spectrum of 2.5 mg ml -1 of crude foliage extract (n = 6). Also shown are several salicylate standards (c), dissolved in MeOH or H 2 O (salicin), that were not subjected to HPLC prior to diode array spectrometry. Note that relative absorbance is on a logarithmic scale.
